Increasing levels of CO2 and tropospheric ozone (O3) due to climate change are contributing to 10 reduced plant health and unstable crop yield production 1 . The inoculation of plant roots with 11 beneficial fungi or bacteria can increase plant health 2 . However, this is often studied under 12 very controlled conditions and it is unknown how climate change or interactions with other 13 species can alter the resulting benefits. Here we show that the rhizosphere bacterium 14 Acidovorax radicis N35 can increase plant growth and reduce insect growthwith increased 15 impact in a high-stress elevated O3 environment, but reduced impact under elevated CO2. In a 16 fully-factorial climate chamber experiment we disentangled the impacts of climate factors 17 (elevated CO2 and elevated O3) and biotic interactions (plant cultivar, sap-feeding insects and 18 earthworms) on cereal growth and insect suppression mediated by A. radicis N35. Earthworms 19 promoted plant aboveground growth, whereas A. radicis N35 promoted root growth, and 20 overall plant growth was higher when both species were present. However, earthworms also 21 promoted insect growth and therefore increased plant damage through herbivory. While A. 22 radicis N35 inoculation was able to mitigate these negative effects to some extent under an 23 ambient environment this was lost under climate change conditions. Our results show that 24 knowledge-based solutions for sustainable agriculture should include biotic interactions and 25 must be tested across variable climate change scenarios in order to build resilient cropping 26
in insect decline 4,5 . Therefore, there is a need to develop knowledge-based solutions using 30 technological advances as well as developing ecological-based approaches 6 . From an ecological 31 standpoint, natural ecosystems are diverse with numerous species interacting to support a stable, 32 well-functioning system. However, agricultural management practices can disrupt natural processes, 33 leading to reduced ecosystem functioning 7 . While we cannot achieve sufficient crop yields through 34 using only extensive farming, ecological intensification can be used to transfer our ecological 35 knowledge of beneficial ecosystem functions into crop systems to our benefit 8,9 . One promising field of 36 research is to manipulate the rhizosphere microbiome of plants 10 . Plants establish links with soil 37 bacteria that can benefit plant growth through disease suppression, resistance to abiotic stress and 38 nutrient acquisition 11 . Plant-associated bacteria and other beneficial soil organisms (e.g. ecosystem 39 engineering earthworms) can even work together to further enhance plant health 12 . Creating soils that 40 harbour organisms with complementary beneficial effects on the plant can mitigate losses in yield 41 from reduced inputs 13 . As a consequence, using soil organisms as biostimulants is an active research 42 field with great potential to achieve low-input agriculture 14, 15 . 43
It is not clear, however, how plant-microbe interactions will effect plant growth under climate change. 44
Increased frequency of short-term punctuated disturbances such as droughts, heat-waves and 45 flooding, and longer-term increases in atmospheric carbon dioxide (CO2) and trophospheric ozone 46 (O3) levels are impacting crop protection in various ways. Increases in CO2 tend to increase plant 47 growth by enhancing their photosynthetic rate, but C3 plants (including cereal crops) can also 48 experience a drop in nitrogen and trace elements potentially reducing the nutritional value for 49 associated herbivores 16 . However, important crop pests such as phloem-feeding aphids tend to 50 perform better under elevated CO2 17 leading to more pest outbreaks in the future. An increase in 51 tropospheric ozone levels is linked to by-products of fossil fuel combustion, with consequences for 52 reduced plant yield, biomass, and increased susceptibility to pathogens 18 . However, ozone can also 53 induce plant defence pathways, e.g. PR-proteins β-1,3-glucanases and chitinases 18 , that are involved 54 in plant resistance to sap-feeding insects 19 . Therefore, we must understand outcomes of plant-pest 55 interactions across variable environments to fully understand future implications and impacts on our 56 food systems. 57
In a controlled fully-factorial experiment, we inoculated barley plant (Hordeum vulgare L.) seedlings with 58 the rhizobacterium Acidovorax radicis N35 20 (herewith, A. radicis). We assessed the effect of this on 59 plant shoot and root growth and the growth rate of aphid insect pests across different biotic (barley 60 cultivar, aphids, and earthworms) and climate environments (elevated CO2, elevated O3, and combined 61 eCO2+eO3). We measured the initial viability of seedlings after transplantation (seedling growth from 62 day 5 to day 8, before addition of aphids and earthworms), aboveground vegetative growth before 63 tillering (plant growth from day 8 to day 22 after addition of aphids and earthworms), root growth (day 5 64 to day 22), and aphid number at day 22 (after 14 days' growth) (Extended Data Fig. 1 ). Barley plant 65 shoot and root length during the experimental period is a good predictor of dry biomass and final yield 66 (Extended Data Fig. 2 ). The data were analysed using linear models on the full data (N=986; 4-11 67 replicates per treatment; Extended Data Fig. 1 ) and on paired data (N=474 pairs), which calculated the 68 log-response ratio between plants inoculated with A. radicis to control plants within all other treatments. 69
We calculated aphid density (number of aphids per cm of plant) to account for variable plant growth. 70
The root-associated bacterial community (day 22 plants) was identified using 16S metabarcoding 71 sequencing to analyse changes in diversity and composition across the treatments. 72
Our analyses uncovered multiple interactions between the climate and biotic factors on plant growth 73 and aphid density, meaning that the effect of one factor depended on others (Extended Data Table 1 ). 74
We also identified a number of general effects including increased plant growth under elevated CO2 75 and decreased growth under elevated O3 across all barley cultivars and other treatments 18 ( A. radicis had a stronger growth promotion effect on the plant roots than on aboveground tissues ( Fig.  79 2). The effect of inoculation by A. radicis was greatest on the aboveground plant shoot very early on 80 when the seedling was establishing in the soil (Fig 2a) , with no effect later on (Fig 2b) despite the 81 strong belowground root growth promotion 21 (Fig. 2c ). One cultivar showed the opposite response 82 during seedling establishment, with a negative response to A. radicis across all climate treatments 83 (Extended Data Figure 4a Elevated CO2 also increased aphid density (Extended Data Fig. 3d ). Our measure of aphid density 86 controlled for the increased plant growth in elevated CO2 and therefore this effect occurred through 87 plant physiological changes 16 . Elevated CO2 can increase the relative abundance of essential amino-88 acids leading to increased aphid reproduction 22 , and influence plant defences against aphids through 89 enhanced SA-signalling or suppression of JA-and ET-signalling pathways 16 . Moreover, aphids 90 release effector proteins that can alter local plant defences and manipulate nutrient availability, 91 potentially allowing them to further benefit from elevated CO2 16 . Earthworms also increased aphid 92 growth rates (Extended Data Fig. 3i ). Meta-analyses have shown that earthworms can increase plant 93 above-and belowground biomass (up to 30% in barley) predominantly through releasing nitrogen 94 previously unavailable to the plant 23,24 . This may also benefit the aphids through increased amino-acid 95 production and/or decreased plant defences 23,25 . In general, aphids reduced plant growth, likely 96 through reducing the energy budget of the plant that would other be invested in growth as they feed 97 on plant phloem-sap and induce plant defences 26 (Extended data Fig. 3e While none of these main effects are unexpected, all treatment factors were also involved in higher-111 order interactions (Extended Data Table 1 ) and thus the individual impact of each must be considered 112 in the wider context of the whole model ecosystem (context dependency). We found substantial 113 variation across the four barley cultivars in their responses to the different environments (Extended 114 Data Table 1), however this was predominantly through differences in the strength of effects 115 (magnitude) rather than changes in the direction. This variation among cultivars can reduce the 116 predictability of effects across a wider range of barley cultivars, yet we can harness this variation in 117 future comparative analyses leading to a better understanding of the mechanisms underlying these 118 interactions and benefiting future plant breeding. 119
To further understand how the benefits of A. radicis inoculation alter across the climate and biotic 120 environments, we used matched pairs analysis comparing responses of control to treated plants 121 (Extended Data Table 2 ). The response of the seedlings to the A. radicis inoculation depended on the 122 climate environment, with reduced effect under elevated CO2 ( Fig. 3a ). There was also substantial 123 variation across cultivars (Extended Data Fig. 4a-d ). While Barke, Grace, and Scarlett cultivars 124 responded overwhelmingly positively to A. radicis across the climate environments, Chevallier 125 responded with reduced seedling viability. Grace showed highest beneficial effects of A. radicis under 126 the eO3 stress environment and a negative response under elevated CO2 (Extended Data Fig. 4a-c) . 127
This may indicate increased potential of this plant cultivar to harness useful traits of beneficial 128 organisms under stressed environments, but reduced ability in an optimal environment. 129
The effect of inoculating plants with A. radicis on the later plant shoot growth was predominantly 130 influenced by a combination of the earthworm biotic and climate treatments (earthworms x eCO2 x 131 eO3 F1,464=5.39, P=0.021; Fig. 3b ). Earthworms rarely enhanced any beneficial effects of A. radicis on 132 later plant shoot growth, and even changed the direction from positive to negative in eCO2 or eO3 (Fig  133   3b ). While A. radicis had much stronger beneficial effects on the plant root growth ( Fig. 3c ), even here 134 the magnitude of these again varied across the biotic and climate environments (cultivar x 135 earthworms x eCO2 x eO3 F3,437=3.90, P=0.009; Fig. 3c ). Here, cultivars also showed substantial 136 variation (Extended Data Fig. 4i-l ). In the ambient environment, root growth of Barke showed a 137 negative response to A. radicis yet this was reversed to be a relatively strong positive response under 138 eCO2 and eO3, and especially when no earthworms were present (Extended Data Fig. 4i For pest suppression, in an ambient environment A. radicis reduced aphid density to a greater extent 144 when earthworms were present in the soil, e.g. in a biodiverse environment (Fig. 3d ). This response 145 changed under eCO2 (F1,209=3.98, P=0.047) when A. radicis was no longer able to supress aphids but 146 rather increased them (Fig 3d) ; potentially through variation in plant nutrients or defence 16 . However, 147 in the biodiverse environment with earthworms, this increase in aphid density from eCO2 and A. 148 radicis was reduced. Under elevated O3 there was stronger suppression of aphid pests with no 149 earthworms (F1,209=3.00, P=0.085; Fig 3d) . This may be related to a trade-off in plant responses to 150 beneficial earthworms and rhizobacteria under O3 stress 18 ; however, there have been only a few 151 studies looking at the direct impact of elevated ozone on soil organisms and thus these interactions 152 need to be further investigated 27 . Under both eCO2+eO3 A. radicis could again supress the aphids but 153 the presence of earthworms strongly altered this. Earthworm presence in agricultural fields depends 154 on many factors including tillage practice, nitrogen fertilization and organic matter 28 , and therefore this 155 context dependency is important to note when developing new methods for improving crop health. The microbial community analysis confirmed the presence of A. radicis in the rhizosphere at the end 167 of the experiment, and also showed that increased abundance of A. radicis was correlated with 168 increased plant growth and decreased aphid densities (Fig. 4a ). The abundance of Phenylobacterium 169 was also correlated with increased plant growth and decreased aphid densities, which could 170 potentially be an alternative target for crop health. Shinella and Porphyrobacter bacteria were 171 beneficial for both the plant and also the aphid, while others, such as Burkholderia were negative for 172 the plant but somewhat positive for the aphids. Burkholderia is a known group containing many plant 173 bacterial pathogens 30 , and subsequent analysis also showed that A. radicis inoculation and also 174 earthworms reduced the abundance of these pathogenic bacteria (Extended Data Fig. 6 ) indicating 175 one possible mechanism for the effects observed in our experiment. Overall, the inoculation of A. 176 radicis did not alter the overall bacterial community on the barley roots (Fig. 4b) . In contrast, 177 aboveground aphid feeding (Fig. 4c ) and the climate environment ( Fig. 4d) of microbial profiles with d=0.1 meaning that the distance between two grid lines represents 185 approximately 10% dissimilarity between the samples. 186
Our study showed that there is real promise for introducing beneficial soil species to benefit crop 187 growth and reduce insect pests in sustainable agriculture. The context-dependency of the interactions 188 was found to affect the strength of effects rather than the direction. This is important since complex 189 interactions can lead to unpredictability in outcomes, yet we found that increasing complexity 190 (diversity) of a system had overall beneficial outcomes. Under certain environments, only one 191 beneficial species was required yet for many others the combination of beneficial species was a 192 benefit for plant health. We highlight the need to include the effects of biotic and climate factors when 193 developing knowledge-based ecological solutions in agriculture, and using soil organisms as 194 biostimulants is a promising path towards achieving low-input agriculture [13] [14] [15] . (4) elevated CO2 and elevated O3. The experiment was run across three successive temporal blocks 214 (runs), and chamber identity was changed across runs, such that each climate treatment was run in 215 three different chambers across the experiment to avoid a chamber-treatment confounding effect. 216
The biotic experimental treatments [plant cultivar (Barke, Chevallier, Grace, Scarlett), A. radicis (+/-), 217 earthworms (+/-), aphids (+/-)] were run at the level of an individual pot within a chamber. Within each 218 run, three replicates of each biotic (plant cultivar, A. radicis, earthworm, aphid) treatment were made 219 with each replicate allocated to one of three tables (randomised block design within run, within 220 chamber). The total number of replicates in the design was nine, three per treatment per run. 221
The experimental design was fully-factorial, with three temporal blocks (runs) and blocks within 222 chambers (tables). Seeds were germinated between moistened filter paper for 5 days in the dark at room temperature. 226
After this the seedlings were soaked in either A. radicis-containing solution or control solution for one 227 hour. A. radicis was grown by inoculating the surface of NB plates, and incubated at 30 °C for 36 hrs. 228
Then the cultures were resuspended in 10 mM MgCl2 with final suspension containing 10 9 cells per 229 ml. The control solution was 10 mM MgCl2, and 100µl Tween 20 was added to both bottles. Before 230 transplantation, the length of the shoot and longest root of the seedlings was measured. Then, 231 seedlings were planted into 10 cm pots (single seedling per pot) containing soil substrate (Floragard B  232 Pot Medium-Coarse, pH 5.6, NPK 1-0.6-1.2) mixed with quartz sand at a 5:1 (soil:sand) ratio. Plants 233 grew uncovered for three days, when shoot length (from top of the seed to the longest leaf) was again 234 measured. Aphids were introduced to plants using a fine paintbrush to move two 4 th instar aphids from 235 the stock populations (kept at low densities to avoid winged aphid production) onto the base of the 236 plant shoot. From here, aphids will move up onto the plant where they feed, develop into adults and 237 then begin to produce offspring within the next few days. Earthworms were first washed in tap water 238 and placed into plastic tubs with moist tissue for 48 hours to remove gut contents. Then, five worms 239 were introduced into the soils (at the same time as aphid infestation), with a total biomass 1.1-2.1g 240 (biomass recorded). 241
All pots were covered with a 180 x 340 mm air-permeable cellophane cover (HJ Kopp GmbH, 242
Germany) on the top, and organza mesh at the base of the pot, secured by two elastic bands. Plants 243 were allowed to grow for 14 days under 20 °C, 65% RH (relative humidity), with 10 hours of full light 244 (850 PAR), 8 hours of total darkness and a 3-hour sunrise/sunset gradient between these where light 245 was gradually increased/decreased. At the end of the experiment, aphids were counted using hand 246 tally-counters, ensuring a systematic method of counting each leaf from the base to the top. Plant 247 shoot length (longest leaf) and root length (longest root) were measured, and earthworms extracted 248 from the soil were washed, counted, and earthworm biomass measured. All five earthworms were 249 recovered from 95.6% of pots, with only 2.5% of pots containing fewer than four earthworms (13/522 250 pots). Root material was collected and stored at -20 °C before DNA extraction for microbial 251 community analysis. 252
Phenotypic data analysis 253
Two approaches were used to analyse the phenotypic experimental data. All data were analysed in R 254 3.5.1 using RStudio (Version 1.1.463) . 255
The first approach used standard linear models for variance partitioning of the data, where model 256 response variables were (1) seedling viability: longest shoot length at day 8 minus longest shoot 257 length at day 5 (cm), (2) plant growth: longest shoot length at day 22 minus longest shoot length at 258 day 8 (cm), (3) Root growth: longest root length at day 22 minus longest root length at day 5, (4) 259 aphid density: total number of aphids divided by the plant growth variable (day 22day 8) giving the 260 number of aphids per cm of plant. All models included the experimental run as a blocking factor to 261 control for variation across the three temporal blocks. Diagnostic plots of the models showed that 262 standard linear models with a normal error distribution were suitable for all variables. Initial models 263 included all main effects and interactions, and were simplified using a backwards stepwise method 264 removing the least significant interaction terms one by one until a minimal adequate model is reached. 265
The second method focused on the effect of A. radicis inoculation on the same variables as above. 266
However, here we used a matched pairs analysis that matched plants within treatments that had been 267 inoculated with A. radicis compared to controls. We took care to only match plants from the same 268 tables (achievable due to the randomised complete block experimental design used) to minimise 269 differences due to variation within a chamber or across temporal runs. The absolute differences 270 between these plants for each of the variables (seedling viability, plant growth, root growth, and aphid 271 number) were then used to calculate the log-response ratio (lnRR, treated vs control). The lnRR 272 values were then analysed using linear models using all main effects and interactions, thus 273 determining the impact of these on the effect size (strength and direction) of A. radicis inoculation. 274
Figures use the calculated mean effect size (lnRR) across treatment combinations and the associated 275 variance (using the R package 'metafor'). 276
Microbial community barcoding 277
To assess the root-associated microbial community, 0.25-0.5 g of roots with attached soil was used 278 for DNA extraction (Qiagen DNeasy PowerSoil Kit). The DNA extraction, amplification and 279 sequencing was performed by AIM (Advanced Identification Methods GmbH, Munich). The V3-V4 280 region of the 16S rRNA gene was amplified using primers 341f (CCTACGGGNGGCWGCAG) and 281 785r (GACTACHVGGGTATCTAATCC), which showed the best coverage for bacteria and was most 282 reproducible in a recent comparative evaluation 31 . A total of 7,382,326 paired end reads were 283 recovered, with a median of 92.8% reads merged. Sequence data processing was performed using 284 the IMNGS platform 32 applying the UPARSE amplicon analysis pipeline 33 
